We report results of continuum (1.3 and 3.6 cm) and H 2 O maser line high angular resolution observations, made with the Very Large Array (VLA) in the A configuration, toward the star-forming region AFGL 2591. Three radio continuum sources (VLA 1, VLA 2, and VLA 3) were detected in the region at 3.6 cm, and one source (VLA 3) at 1.3 cm. VLA 1 and VLA 2 appear resolved and their spectral indices suggest free-free emission from optically thin H ii regions. VLA 3 is elongated in the east-west direction, along the axis of the bipolar molecular outflow observed in the region. Its spectral energy distribution is consistent with it being a $200 AU optically thick disk plus a photoionized wind. In addition, we detected 85 water maser spots toward the AFGL 2591 region, which are distributed in three main clusters. Two of these clusters are spatially associated with VLA 2 and VLA 3, respectively. The third cluster of masers, including the strongest water maser of the region, does not coincide with any known continuum source. We suggest that this third cluster of masers is excited by an undetected protostar that we predict to be located '0>5 (500 AU) north from VLA 3. The maser spots associated with VLA 3 are distributed along a shell-like structure of 0>01 size, showing a peculiar velocity-position helical distribution. We propose that VLA 3 is the powering source of the observed molecular outflow in this region. Finally, we support the notion that the AFGL 2591 region is a cluster of B0-B3 type stars.
INTRODUCTION
Current models for single star formation require a '' disk-YSO-outflow '' system in order to explain phenomena such as Herbig-Haro (HH) objects, high-velocity bipolar molecular outflows, jets, and H 2 O and OH masers. Interferometric water maser observations of star-forming regions are a very powerful tool to study the kinematics and dynamics of the gas very close to the central engine responsible for these phenomena associated with the star formation. In particular, H 2 O masers have been shown to be a good tracer of circumstellar disks and radio jets in young stellar objects (YSOs; e.g., Chernin 1995; Claussen et al. 1998; Shepherd & Kurtz 1999; Furuya et al. 1999 Furuya et al. , 2000 Patel et al. 2000; Torrelles et al. 1998 Torrelles et al. , 2001a Seth, Greenhill, & Holder 2002) .
AFGL 2591 is located in the Cygnus X region, embedded in a molecular cloud with a velocity of V LSR ¼ À5:7 km s À1 (van der Tak et al. 1999) . AFGL 2591 is a very luminous IR source (L bol $ 9 Â 10 4 L at a distance of 2 kpc; Lada et al. 1984) , which is completely obscured at optical wavelengths. This infrared source has been suggested to be the powering source of a bipolar molecular outflow aligned in the eastwest direction (Bally & Lada 1983; Torrelles et al. 1983; Lada et al. 1984; Mitchell, Maillard, & Hasewaga 1991) . The distance to AFGL 2591 is very uncertain (between 1 and 2 kpc), although more recent studies of this region generally assume 1 kpc (Hasegawa & Mitchell 1995; van der Tak et al. 1999) . This is the distance that we will adopt in this paper (but will also discuss how results are modified if the distance is increased to 2 kpc).
Four radio continuum sources have been detected near the infrared source AFGL 2591 (labeled n1 to n4 by Campbell 1984) , but none of them was believed to coincide in position with AFGL 2591. Subsequent observations at infrared wavelengths from Tamura et al. (1991) showed that there are several pointlike sources in this region and that the strongest IR source, denoted as NIRS 1, coincides in position (within their observational error of AE1 00 ) with one of the radio continuum sources (n3) detected by Campbell (1984) . In addition, a group of four H 2 O maser spots was detected in the region by Tofani et al. (1995) ; three of them are clustered near the position of the radio component n3, while the other maser spot is located near n2.
The cross-calibration technique has been found to be ideal to observe simultaneously with the Very Large Array (VLA) in its A configuration the continuum and H 2 O maser The Astrophysical Journal, 589:386-396, 2003 May 20 # 2003 . The American Astronomical Society. All rights reserved. Printed in U.S.A. emission at 1.3 cm toward YSOs with angular resolution of 0>08 (Torrelles et al. 1996 (Torrelles et al. , 1998 . With this technique, the atmospheric seeing effects at 1.3 cm can be fully compensated if a strong H 2 O maser is present within the primary beam, which is used as the phase and amplitude reference. In this paper we analyze simultaneous VLA-A observations of the H 2 O maser and continuum emission at 1.3 cm toward AFGL 2591 applying this cross-calibration technique. In addition, we also present VLA-A 3.6 cm continuum observations toward AFGL 2591. Our main goals were (1) to image the continuum emission of the YSOs with high angular resolution to elucidate the nature of the radio sources, (2) to identify the powering source(s) of the extended bipolar molecular outflow, and (3) to study the spatiokinematical distribution of the water masers measuring at milliarcsecond accuracy the relative positions of the masers and the continuum emission to elucidate its relationship.
OBSERVATIONS
The observations were made with the VLA of the National Radio Astronomy Observatory (NRAO) 1 in the A configuration during 1999 June 29. We observed simultaneously the 1.3 cm continuum and the H 2 O maser emission, using two different bandwidths, one of 25 MHz with seven channels for the continuum and the other one of 3.125 MHz with 63 channels for the line emission. The bandwidth for the continuum measurements was centered at 22285.080 MHz, while the H 2 O line was centered at the frequency of the 6 16 ! 5 23 maser line (rest frequency 22235.080 MHz) with V LSR ¼ À7:6 km s À1 . Both right and left circular polarizations were sampled in the two different bandwidths. In addition, we also observed at 3.6 cm the continuum emission in both circular polarizations with an effective bandwidth of 100 MHz. The absolute amplitude calibrator was 1328+307 with an adopted flux density of 2.51 Jy at 1.3 cm and 5.18 Jy at 3.6 cm. The phase calibrator was 2023+336 with a bootstrapped flux density of 1.85 Jy at 1.3 cm and 2.43 Jy at 3.6 cm.
The initial calibration of the 1.3 cm data was done separately for each of the two bandwidths. We searched the narrow bandwidth data for the spectral channel with the strongest H 2 O maser emission, self-calibrating the signal in this particular channel in both phase and amplitude. We then cross-calibrated the data applying the phase and amplitude corrections to both the narrow and broad bandwidths, removing in this way the atmospheric and instrumental errors (see Reid & Menten 1990; Torrelles et al. 1996) . Calibration and further mapping, of both the H 2 O and the continuum data, were done using the Astronomical Image Processing System (AIPS) of NRAO. We made cleaned images of the field setting the ROBUST parameter of the AIPS task IMAGR to 0, to optimize the compromise between angular resolution and sensitivity. The resulting beam sizes were 0>08 (1.3 cm) and '0>3 (3.6 cm). The achieved rms noise of the continuum images is 190 and 40 lJy beam À1 at 1.3 and 3.6 cm, respectively.
In addition, we requested from the VLA archive the 6 cm continuum data published by Campbell (1984) . We recalibrated and made maps of these data using the current procedures of AIPS. We then measured the flux densities of the sources at this wavelength and used these values together with our 3.6 and 1.3 cm continuum flux densities values to calculate their spectral indices (see x 4.1).
3. RESULTS 3.1. Continuum Emission at 3.6 and 1.3 cm
The contour map of the AFGL 2591 region at 3.6 cm is shown in Figure 1 . We detected three sources in the field (VLA 1, VLA 2, and VLA 3), which coincide with the previously detected sources (n1, n2, and n3) at 6 and 3.6 cm by Campbell (1984) and Tofani et al. (1995) . The fourth source detected by Campbell was not detected by us. Their positions and flux densities are given in Table 1 . At 3.6 cm, VLA 1 is the strongest and more extended source (2>5 Â 2>4) in the field. VLA 2 is also spatially resolved at this wavelength (0>98 Â 1>24, P:A: ¼ 177 ). VLA 3, the weakest source in the field, appears unresolved at 3.6 cm ( 0>3). At 1.3 cm, the only source detected in the region is VLA 3. Sources VLA 1 and VLA 2 are relatively extended, and their flux density inside a synthesized beam is too small in the 1.3 cm observations. In addition, source VLA 1 is beginning to be resolved out by the interferometer. Source VLA 3 is elongated in the east-west direction (Fig. 2) . This fact was previously noted by Campbell (1984) at 6 cm with a beam of $0>35. The elongation of VLA 3 roughly coincides with the axis of the bipolar molecular outflow observed in the region.
1 The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc. Fig. 1.-Continuum contour map of the AFGL 2591 region at 3.6 cm. Contours are À4, À3, 3, 4, 5, 7, 10, 14, 28 , and 35 times 40 lJy beam À1 , the rms of the map. The beam (0>33 Â 0>26, P:A: ¼ 81=8) is shown in the lower left-hand corner. The crosses indicate the position of the H 2 O maser spots detected in this region. The total number of maser spots is 85. However, many appear overlapped at this scale.
These results suggest that VLA 3 is probably the energy source of the bipolar outflow.
Water Masers
We detected 85 water maser spots in the field (see Fig. 1 ). Most of the maser spots are distributed in three main clusters. One appears to be associated with VLA 2 (22 spots), another one spatially coincides with VLA 3 (29 spots), and the third one is located $0>5 north from VLA 3 (23 spots, including the strongest maser in the region with S ¼ 70:3 Jy). Two more groups of four and seven maser spots, respectively, were found between VLA 1 and VLA 3. None of the detected maser spots spatially coincides with VLA 1. Most of the maser spots have a single velocity component (in the velocity range V LSR ¼ À28 to +12.8 km s À1 ) and a line width 1.2 km s À1 . The position, radial velocity, and flux density of the H 2 O masers detected in the region are listed in Tables 2, 3 , 4, and 5. The rms noise of the velocity channels ranges from 28 mJy beam À1 for the channel where the strongest maser spot was detected, to 5 mJy beam À1 for the channels with the weakest water maser emission.
DISCUSSION
The radio continuum sources found in the star-forming region AFGL 2591 were interpreted by Campbell (1984) as '' leaks '' from an otherwise highly obscured ionizing source at the infrared position or alternatively, as a cluster of Btype stars powering individual H ii regions. Assuming that the sources in AFGL 2591 are B-type stars, Tofani et al. (1995) suggested that n1 (VLA 1) is the most evolved of them and n3 (VLA 3) is the youngest one. Also, van der Tak et al. (1999) , using Owens Valley Radio Observatory continuum data, detected two sources in the region, n1 (VLA 1) and n3 (VLA 3). For n3 (VLA 3), they calculated a spectral index of 1:7 AE 0:3 between 86 and 226 GHz and showed that it has an excess in the thermal emission, probably from dust emission, which may reside in an optically thick, compact structure with a diameter of 30 AU. For n1 (VLA 1) they calculated a spectral index ¼ À0:03 AE 0:1 consistent with an optically thin H ii region.
Flux densities at several frequencies allow us to estimate the spectral indices for the continuum sources. Using Campbell's (1984) observations at 6 cm, our data at 1.3 and 3.6 cm, and the observed flux densities in the millimeter region (van der Tak et al. 1999) , we have calculated the spectral indices for VLA 1, VLA 2, and VLA 3. Given that there is no evidence of variability of these sources (Tofani et al. 1995; this paper) , the spectral indices that we present in this paper (Table 1) can be used to investigate the nature of the sources (x 4.1). In addition, we also address the study of the VLA 1 is the most intense source at 3.6 cm, but it was not detected at 1.3 cm and has no H 2 O maser emission associated to it. The flux density value that we obtain at 3.6 cm is consistent with the flat spectral index ¼ À0:03 AE 0:1 obtained by van der Tak et al. (1999) in the 87-115 GHz range, indicating that VLA 1 is an optically thin H ii region. In fact, assuming that VLA 1 is a homogeneous, isothermal (T ¼ 10 4 K) and spherical H ii region, we estimate an opacity 3:6 cm % 0:16. In addition, assuming that AFGL 2591 is at a distance of 1 kpc, we obtain that this H ii region has an electron density N e ¼ 6:0 Â 10 4 cm À3 , an ionized mass M H ii ¼ 1:3 Â 10 À3 M , and that the necessary rate of ionizing photons is N i ¼ 2:9 Â 10 46 s À1 . This number of ionizing photons can be provided by a zero-age main-sequence (ZAMS) B0.5 star (Panagia 1973) . All these values are summarized in Table 6 . In the case that AFGL 2591 is at a distance of 2 kpc, we derive N e ¼ 4:3 Â 10 4 cm À3 , M H ii ¼ 7:5 Â 10 À3 M , and N i ¼ 1:1 Â 10 47 s À1 , which can be provided by a ZAMS B0 or earlier star.
VLA 2
This radio source has a spectral index of 0:15 AE 0:1 between 6 and 3.6 cm, which is consistent with a partially optically thick H ii region. Using the same assumptions as in VLA 1, and its observed size at 3.6 cm (0>98 Â 1>24), we derive for VLA 2 an electron density N e ¼ 8:4 Â 10 4 cm À3 , an ionized mass M H ii ¼ 1:7 Â 10 À4 M , and a rate of ionizing photons N i ¼ 5:1 Â 10 45 s À1 . These ionizing photons can be supplied by a ZAMS B1 star. If the distance is increased to 2 kpc, we obtain N e ¼ 5:9 Â 10 4 cm À3 , M H ii ¼ 9:6 Â 10 À4 M , and N i ¼ 2:1 Â 10 46 s À1 , which can be provided by a ZAMS B0.5 star (Table 6 ). Alternatively, the elongation of the source and its spectral index could also have been explained by a thermal radio continuum jet. The spectral index of 0:15 AE 0:1 is similar to those found in thermal radio continuum jets associated to low-mass YSOs (e.g., HH 1-2; Rodríguez et al. 1990) . In this case, the powering source of VLA 2 could be a low-mass star, and the continuum emission be produced by shocked gas from a collimated stellar wind (Curiel, Cantó , & Rodríguez 1987; González & Cantó 2002) . However, there is no report of outflow activity in the north-south direction in this region.
4.1.3. VLA 3 VLA 3 was detected at both wavelengths, 3.6 and 1.3 cm (this paper; see Figs. 1 and 2) and at 6 cm (Campbell 1984) . The spectral index between 6 and 3.6 cm is ð6 3:6 cmÞ ¼ À0:2 AE 0:7, which is consistent with it being an optically thin H ii region. On the other hand, the millimeter Note.-Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a Relative position errors are typically $1 mas. emission (van der Tak et al. 1999 ) and the 1.3 cm emission (this paper) are consistent with a spectral index of '2 (see Fig. 3 ), suggesting that the emission at these wavelengths is produced by an optically thick compact core. Thus, the observed emission between 6 cm and 1.3 mm appears to be consistent with VLA 3 being an H ii region of the core-halo type (see Fig. 4 ). Alternatively, these results could also be consistent with VLA 3 being an ionized wind plus a compact circumstellar disk. Both scenarios are discussed below.
H ii Region Scenario
Assuming that both the core and the halo are homogeneous, isothermal, and spherical H ii regions, the flux density of the core-halo system can be approximately estimated by
where the first term is associated with emission from the optically thick core and the second term with emission from the optically thin halo. In this equation, B is the Planck function, D is the distance to the source, R c and R H are the radius of the core and the halo, respectively, and H is the optical depth at the center of the halo at frequency 0 . Fitting the observed flux densities from 5 to 226 GHz with equation (1), we find that the radius of the compact core R c Note.-Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a Relative position errors are typically $1 mas. Table 1 ). The flux density at low frequencies is dominated by free-free emission from an optically thin H ii region, while the flux density at high frequencies is originated from a compact core. The solid line corresponds to the fit of the data using the expected energy distribution from the corehalo H ii model discussed in the text (see x 4.1.3).
is $12 AU. This core requires a B0.5 ZAMS star to maintain its ionization. In addition, assuming that the halo emission is produced in a shell with an internal radius R c and an unknown external radius R H , we can calculate some physical parameters of the halo. Since at 6 cm the emission is optically thin (i.e., dominated by the extended optically thin halo), the size of the source ($650 AU) measured at this wavelength is a good approximation for the external radius R H . Under these assumptions, we estimate that the halo has an opacity of $0.001 at 6 cm, consistent with an optically thin H ii region. Then we find that the electron density in the halo is N e ' 4:65 Â 10 3 cm À3 and the ionized mass is M H ii ¼ 1:53 Â 10 À5 M . The necessary rate of ionizing photons is N i ¼ 2:6 Â 10 43 s À1 , which can be provided by a ZAMS B3 star (Panagia 1973) . These values are calculated assuming a distance of 1 kpc to VLA 3 (see Table 6 ), and they are lower limits since we are not taking the core into account. If we assume a distance of 2 kpc, we obtain that N e ' 3:27 Â 10 3 cm À3 , M H ii ' 8:61 Â 10 À5 M , and N i ' 1:01 Â 10 44 s À1 , which can be provided by a ZAMS B2 star (Panagia 1973) . These results are consistent with the (ZAMS) B2.5 type source proposed by Campbell (1984) .
A core-halo scenario seems plausible, although such a configuration is not stationary. The density is higher in the core than in the halo while their temperature are similar. Thus, the thermal pressure in the core is higher than in the halo. In this configuration, the core would tend to expand with a velocity on the order of the sound speed in the ionized medium.
Circumstellar Disk+Ionized Wind Scenario
The spectral energy distribution (SED) shown in Figure 3 could be produced by thermal emission of dust located in a circumstellar disk and free-free emission from an ionized wind or jet. The observed spectral index in the millimeter wavelength range is % 2, which could be consistent with both an optically thick disk and an optically thin disk with very large dust grains (see Beckwith & Sargent 1991; D'Alessio, Calvet, & Hartmann 2001) . It is important to mention that there are not enough observational constraints to find a unique disk model for VLA3. Here we just explore a restricted set of disk parameters in order to fit the observed SED and we discuss the plausibility of this scenario.
1. Optically thick disk.-First, we consider the case of an optically thick accretion -disk, irradiated by the central star. We assume that the central star has a spectral type B0.5 V, since a star between B0 and B1 is required to photoionize an isothermal wind and explain the observed value of flux density at 4.9 GHz (see Table 4 from Rodriguez & Cantó 1983) . This corresponds to a stellar radius R Ã ¼ 5 R , a mass M Ã ¼ 10 M [assuming a surface gravity logðgÞ ¼ 4], an effective temperature T Ã ¼ 26; 200 K, and a luminosity L Ã ¼ 11; 000 L (Panagia 1973) . The outer disk opacity in the millimeter wavelength range is dominated by dust. We adopt the abundances for silicates, organic refractories, troilite, and water ice grains given by Pollack et al. (1994) , the standard MRN distribution of grain sizes (Mathis, Rumpl, & Nordsieck 1977) , i.e., nðaÞ $ a Àp , with p ¼ 3:5 and a maximum radius a max ¼ 1 mm. These dust properties correspond to a total dust extinction coefficient ð1:3 mmÞ ¼ 0:3 cm 2 g À1 , an albedo of wð1:3 mmÞ ¼ 0:946, and an absorption coefficient ð1:3 mmÞ ¼ 0:016 cm 2 g À1 . Since the albedo of big grains in the millimeter wavelength range is very large, we include the contribution of the emissivity in scattered light in the integration of the radiative transfer equation through the disk (see D'Alessio et al. 2001) . For this dust composition and size distribution, the absorption coefficient in the millimeter range can be written in the standard power-law form as % 0:016ð=1:3 mmÞ À , with % 1. The inclination angle of the disk axis relative to the line of sight is taken to be i ¼ 60 , roughly consistent with the fact that the molecular outflow associated with VLA 3 is observed more or less in the plane of the sky (i.e., the disk is not pole-on). The remaining input parameters of the model calculation are the disk mass accretion rate _ M M acc , the Shakura-Sunyaev viscosity parameter v , and the disk radius R d . The equations and numerical procedure are described in D' Alessio et al. (1998 Alessio et al. ( , 1999 Alessio et al. ( , 2001 . In summary, the disk is considered to be steady, axisymmetric, and geometrically thin. Its self-gravity is neglected compared to the stellar gravity, and it is assumed to be in Keplerian rotation and in hydrostatic equilibrium in the vertical direction. We assume that dust and gas are well mixed and thermally coupled; thus, we calculate a unique temperature as a function of position in the disk. The main heating mechanisms we include are viscous dissipation, described using the -prescription (Shakura & Sunyaev 1973 ) and stellar irradiation. For the last one, we solve the radiative transfer of stellar radiation through the disk, taking into account its impinging direction and the different wavelength ranges that characterize the stellar and the disk radiation fields. We take into account that the energy can be transported by radiation, convection, and a turbulent energy flux consistent with the -prescription. Once the central star (M Ã , R Ã , and T Ã ), the dust content (abundances, distribution of grain sizes), the disk mass accretion rate _ M M acc , and v are specified, we integrate the complete set of vertical structure equations. Then, given the disk structure (i.e., temperature, density, ionization fraction, etc., as a function of radius and height), we integrate the monochromatic radiative transfer equation through the disk, for an arbitrary inclination angle respect 
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to the line of sight, and a minimum and a maximum disk radius. Finally, the SED is constructed.
We change _ M M acc between 10 À8 and 10 À5 M yr À1 , corresponding to accretion luminosities L acc ¼ G _ M M acc M Ã =R Ã from 0.6 to 600 L for the adopted central star. And changing the viscosity parameter v we construct disk models with different mass surface density. In an -disk the mass surface density is AE ¼ _ M M acc K =3 v c s ðT c Þ 2 , where K is the Keplerian angular velocity and c s ðT c Þ is the sound speed evaluated at the midplane temperature, i.e., T c ¼ Tðz ¼ 0Þ. In all the cases we have calculated here, the stellar irradiation is the main disk heating mechanism for R > 20 AU, being the viscous dissipation important in heating the disk midplane for smaller radii. Thus, in these cases the mass surface density scales as AE $ _ M M acc = v for R > 20 AU. We find a family of models with a minimum disk mass surface density, AE min (i.e., marginally optically thick outer disk), that can explain the observed SED. They correspond to values of _ M M acc and v that satisfy the relation _ M M acc = v % 10 À4 M yr À1 . These models have a midplane temperature T c $ 300ðR=20 AUÞ À0:46 K and a mass surface density AE $ 500ðR=20 AUÞ À1 g cm À2 , for R > 20 AU. However, for smaller radii both, the midplane temperature and the surface density, deviates from simple power laws. Figure 5a shows the SED of these AE min models. The SED of a purely viscous disk with _ M M acc ¼ 10 À6 M yr À1 and v ¼ 0:01 is also plotted to illustrate the importance of the stellar irradiation. The SEDs of all the irradiated models that satisfy the relation _ M M acc = v ¼ 10 À4 are the same in the millimeter range, but differ in the near-infrared where most of the intrinsic disk luminosity emerges. The adopted disk radius for these models is R d ¼ 220 AU, and their total mass (gas + dust) is M d % 1:5 M , i.e., 15% of the stellar mass. Figure 5b shows an example of the SED of a disk model with a smaller outer surface density ($0:1AE min ). This model has _ M M acc ¼ 10 À6 M yr À1 and v ¼ 0:1, and for R d ¼ 220 AU, its mass is M d ¼ 0:16 M . In this model, the contribution of optically thin regions to the total millimetric flux density becomes important enough to increase the spectral index with respect to the observed value. Figure 5b also shows an example of the SED of a disk with a larger value of the mass surface density ($10AE min ), which is consistent with the observed SED. This model has _ M M acc ¼ 10 À5 M yr À1 and v ¼ 0:01, and for R d ¼ 220 AU, its mass is M d ¼ 12 M , which is higher than the mass of the central star. In spite of the fact that our disk model is not valid for this massive disk, since its self-gravity cannot be neglected, its SED is shown as an example. The predicted SED in the millimeter wavelength range is very similar to the SED of the AE min models (see Figs. 5a and 5b), because the disk is optically thick. However, in the centimeter wavelength range the emergent flux density increases with respect to the AE min models because the area of the optically thick region of the disk increases.
2. Optically thin disk.-We now consider the alternative that the SED is being produced by an optically thin disk with large grains. If the maximum grain size increases to a max > 1 m, and the grain size distribution becomes flatter, then % 0 for compact spherical grains (see D'Alessio et al. 2001 ). In particular, for a max ¼ 1 m, p ¼ 2:5, ð1:3 mmÞ ¼ 4:6 Â 10 À4 cm 2 g À1 , wð1:3 mmÞ ¼ 0:636, and ð1:3 mmÞ ¼ 1:7 Â 10 À4 cm 2 g À1 . Thus, the absorption coefficient decreases by a factor of 100 with respect to the previous case where a max ¼ 1 mm and p ¼ 3:5. Figure 5c shows the SED of a disk model with _ M M acc ¼ 10 À6 , v ¼ 0:01, R d ¼ 600 AU, and this new grain size distribution. Considering as before, a standard dust to gas mass ratio, the total disk mass of this model is M d ¼ 8 M , which is comparable to the mass of the central star. However, this model only produces a flux density S ð1:3 mmÞ % 12 mJy, which is a factor of 13 smaller than the observed flux density. In principle, a disk with a mass M d $ 100 M would be able to produce a flux density at 1.3 mm similar to the observed one. However, for such a high-mass disk, thedisk model is not valid, since it is based on the assumption that the disk self-gravity is negligible compared to the gravity of the central star.
3. Disk plus a photoionized wind.-In any case, the emergent flux density of dusty disk models becomes too small for > 1:3 cm compared to the observed SED. Thus, in this spectral range we assume that the SED is dominated by free-free emission from an ionized wind or jet, as the radio continuum observations suggest. At ¼ 8:4 GHz ( ¼ 3:6 cm) the flux density produced by the wind should be S wind % 0:46 mJy (since the disk models we have calculated only contribute with $ 0.01 mJy). Given the errors of the observed flux densities at 3.6 and 6 cm, the spectral index could be the standard isothermal spherical wind value ¼ 0:6 or smaller. In Figure 5d we add the emission of the AE min -disk model described above to the flux density from an ionized wind flux density, estimated as F wind ðÞ ¼ 0:46ð=8:4 GHzÞ mJy. As we mentioned before, the central star should have a spectral type between B0 and B1 to photoionize this wind . We consider two values, ¼ 0:6 and 0.3, corresponding to a spherical isothermal uniform wind and a collimated wind, respectively. In the case of a spherical, completely photoionized, isothermal wind with T w ¼ 10 4 K, the mass-loss rate is 
where _ M M w and v w are the mass-loss rate and the velocity of the wind, respectively.
A collimated wind is much more efficient than a spherical wind at producing radio flux, and the mass-loss rate from spherical wind can be overestimated by an order of magnitude (Reynolds 1986) . Assuming that the turnover frequency is m ¼ 10 GHz (since the turnover is not observed in the SED), a wind temperature T w ¼ 10 4 K, and a jet injection opening angle 0 , the mass-loss rate of the collimated wind is (Beltrán et al. 2001 )
Thus, for i ¼ 60 , v w ¼ 1000 km s À1 , and ¼ 0:3, the estimated mass-loss rate is _ M M w % 2 Â 10 À7 M yr À1 , 1 order of magnitude less than _ M M w in the spherical case. 4. General discussion.-The idea that the SED of VLA3 in the millimeter wavelength range is produced by a circumstellar optically thick disk seems plausible. There are other examples of massive stars surrounded by disks in very early evolutionary phases (e.g., Shepherd, Claussen, & Kurtz 2001; Cesaroni et al. 1997; Zhang, Hunter, & Sridharan 1998; Zhang et al. 2002) . However, there are few Herbig Be stars with disklike millimetric emission suggesting short lifetime (td1 Myr) of disks around early B stars probably because of a rapid evolution of their environment (Natta, Grinin, & Mannings 2000) . VLA 3 seems to be a very young embedded object.
The -disk models with minimum mass surface density (AE min models) have a total mass M d % 1:5 ¼ 0:15 M Ã and radius R d % 200 AU. Their viscous timescale evaluated at the maximum radius is t vis ð200 AUÞ % 2 Myr. The Toomre Q-parameter of these models is larger than 1 for Rd300 AU, so these AE min -disk models are gravitationally stable. However, if the mass surface density of the disk model (i.e., the ratio _ M M= v , for a given central star) increases by a factor of 1.4, the outer disk can be subject to gravitational instabilities. These higher mass models are also consistent with the observed SED, since the emission is dominated by the optically thick outer regions heated by the central star.
The optically thin disk models calculated [with an exponent for the dust opacity ¼ 0, given by a grain size distribution with nðaÞ $ a À2:5 and a max ¼ 1 m] require a huge disk mass (M d $ 100 M $ 10M Ã ) in order to explain the observed flux density. Since the disk mass is larger than the central star mass, the assumption of a negligible disk selfgravity breaks down. Also, the outer disk of one of these models would be very gravitationally unstable, developing density waves that would transfer angular momentum rapidly (e.g., Hartmann 1998). The whole -prescription for the viscosity is not valid. Another way to produce a given emergent flux density without increasing the disk mass, considering a low absorption coefficient as we do here, would be to increase the disk temperature. For an optically thin disk the emergent flux density is S $ M d k T h i = 2 , where k is the Boltzmann constant and T h i is a mass-weighted disk mean temperature. Additional heating mechanisms such as the disk irradiation by an envelope ('' back-warming effect ''; e.g., Natta 1993; Butner, Natta, & Evans 1994; D'Alessio, Calvet, & Hartmann 1997) or the outer disk irradiation by the inner disk (Bell 1999 ) could help to decrease the mass of the disk required to explain the observed flux density. Also, the disk mass is estimated here assuming a standard dust to gas mass ratio, std . If is larger than the standard, the disk mass would be smaller than what we have estimated here, proportional to std =. This could be the case if dust has settled toward the disk midplane and gas is being evaporated from the disk by UV radiation (Hollenbach, Yorke, & Johnstone 2000) . In any case, additional observational constraints and modeling are required to further test these alternative explanations.
The mass-loss rate inferred from the centimetric flux density assuming an isothermal uniform spherical wind is _ M M w $ 3 Â 10 À6 M yr À1 , for v w ¼ 1000 km s À1 . This wind can be photoionized by the central star B0.5 V . On the other hand, if the wind is collimated, the mass-loss rate could be a factor of 10 smaller. For lowmass objects (classical T Tauri stars, Fu Ori stars; e.g., Hartigan, Edwards, & Ghandour 1998; Calvet, Hartmann, & Strom 2000) , there is a typical ratio of _ M M w = _ M M acc $ 0:01 0:1, between wind mass-loss rate and disk accretion rate. If a similar relation holds for massive stars, a disk mass accretion _ M M acc $ 10 À6 to 10 À5 M yr À1 would be consistent with the estimated mass-loss rates.
Spatio-kinematical Distribution of the Water Masers
4.2.1. AFGL 2591: VLA 2-H 2 O Maser Region A cluster of 22 maser spots is located about 0>7 ($700 AU) to the north of VLA 2 (Figs. 1 and 2) . The velocity distribution of these masers does not show a systematic velocity gradient. Although this cluster of water masers does not spatially coincide with VLA 2, it is located along the direction of the major axis of the continuum source (see Fig. 1 ), suggesting that VLA 2 could be their powering source. However, we cannot rule out the possibility that this cluster of masers could be associated with an undetected deeply embedded source located about 0>7 north from VLA 2.
AFGL 2591: VLA 3-H 2 O Maser Region
There is a cluster of 29 maser spots that spatially coincides with VLA 3. In addition, there is a second cluster of 23
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maser spots about $0>5 ($500 AU) to the north of VLA 3 (see Fig. 1 ). This second cluster of masers contains the brightest water maser component (S ¼ 70:3 Jy at V LSR ¼ À7:6 km s À1 ; ð1950Þ ¼ 20 h 27 m 35 9947; ð1950Þ ¼ 40 01 0 15>07) of the whole region. Although we cannot discard that this second cluster of masers is excited remotely by VLA 3, the fact that the radio continuum source is elongated in the east-west direction (see Fig. 2 ), probably tracing the direction of the wind powering the extended bipolar molecular outflow, favors that this cluster of masers containing the brightest spot is being excited by an independent, still undetected embedded source, located about 0>5 north from VLA 3. In this sense we note that recent Very Long Baseline Array water maser observations of several starforming regions have shown that the brightest maser spots are frequently associated with the weakest radio continuum source in the region, and in some cases they are located in regions without detectable continuum emission (e.g., Cepheus A, W75N; Torrelles et al. 2001a Torrelles et al. , 2001b Torrelles et al. , 2003 . If these two clusters of masers are excited by different sources, this would indicate that VLA 3 could be a binary system, separated by about 500 AU.
The most interesting result comes from the spatiokinematical distribution of the water maser spots that are spatially associated with VLA 3. Figure 2 shows a plot of the H 2 O maser spots on top of the VLA 3 contour map at 1.3 cm. The 29 H 2 O maser spots, spatially associated with VLA 3 tend to be distributed in a strip of $0>06 ($60 AU at a distance of the source) along the northsouth direction, and almost perpendicular to the CO bipolar outflow (Mitchell et al. 1991 ) and the molecular H 2 bipolar structure observed in this region (Tamura & Yamashita 1992) . It should be pointed out that even when our angular resolution is $0>08, given the high signal-to-noise ratio of the maser spots, we can give their relative positions with milliarcsecond accuracy. According to Meehan et al. (1998) , relative positional error between two sources in the same field can be estimated to be B =2ðS=NÞ, where B is the beam size and S/N is the signal-to-noise ratio. Then, the relative position uncertainties of the maser spots are $1 mas.
The spatial distribution of this cluster of maser spots, as well as its size, suggest that they could be associated with a circumstellar disk seen nearly edge-on. However, although the velocity distribution of the maser spots show a systematic velocity gradient as is expected for a disk surrounding a YSO, it does not resemble those expected from a rotating, contracting, or expanding disk (see Fig. 6 ). Furthermore, if the maser spots arise from a circumstellar disk, their expected mean velocity should be similar to that of the ambient molecular cloud. However, the observed velocities are in the range between À9.6 and À28 km s À1 , i.e., blueshifted with respect to the velocity of the molecular cloud (À5.7 km s À1 ; van der Tak et al. 1999) .
A subgroup of 20 maser spots (from the cluster of 29 spots), coinciding with the peak of the VLA 3 continuum emission at 1.3 cm, appears to be tracing a shell-like structure (Fig. 2) . This structure is elongated in the north-south direction with a size of $0>01 ($10 AU at a distance of 1 kpc). When we plot the spatial-velocity distribution of this group of maser spots in three dimensions ðx; y; vÞ, they show a continuous velocity gradient along the shell-like structure with the maser spots forming a very well defined helical structure (Fig. 7) , blueshifted with respect to the velocity of the molecular cloud. This helical structure (observed only in the spatial-velocity distribution) cannot be explained by simple models. For instance, the kinematics of these maser spots show that they cannot arise from a circumstellar disk (see Fig. 6 ). On the other hand, if the maser spots are part of an outflow, we would expect them to be separated in two main groups diametrically opposed, one blueshifted and the other one redshifted with respect to the ambient cloud velocity (e.g., S106 FIR; Furuya et al. 1999) and their velocity to be proportional to the distance from the outflow center (e.g., IRAS 21391+5802; Patel et al. 2000) . However, Figure 6 shows that the velocity distribution of these water maser spots is not consistent with such a model. Another possible scenario could be that these water maser spots are related to ambient molecular material accelerated by the stellar wind from a precessing source. Further observations with higher angular resolution and proper motion studies will be needed to investigate the nature and the spatio-kinematical distribution of the water maser spots associated with VLA 3.
CONCLUSIONS
Observing with the VLA A-configuration at 3.6 cm, we detected three radio continuum sources (VLA 1, VLA 2, and VLA 3) in AFGL 2591. At 1.3 cm, we only detected emission associated to VLA 3. Their spectral indices suggest that VLA 1 and VLA 2 are optically thin H ii regions, while VLA 3 could be an optically thick disk plus a collimated photoionized wind. We find that the observed SED of VLA 3 can be explained by a family of optically thick disk models with a radius of about 200 AU, a disk mass of 1.5 M , and _ M M acc = v ¼ 10 À4 M yr À1 . Optically thin disk models could also explain the observed SED of VLA 3 but they would need nonstandard characteristics, such as very large disk masses. H 2 O maser observations with $0>08 resolution show that there are three main clusters of maser spots in the region. One of these clusters appears to be associated with VLA 2, another one with VLA 3, and the third one does not coincide with any known source. We propose that this third cluster of masers is excited by an undetected protostar that we predict to be located '0>5 (500 AU) north from VLA 3.
The distribution of the H 2 O masers associated with VLA 3 is tracing a very well defined shell-like structure at scales of 10 AU, almost perpendicular to the bipolar molecular outflow observed in the region. Their spatio-kinematical distribution shows a velocity gradient along the shell forming a very well defined helical structure.
Finally, we propose that VLA 3 is most likely the powering source of the bipolar outflow observed in CO and the molecular H 2 line emission in this region based on the fact that VLA 3 coincides with the source NIRS 1, which is at the center of the bipolar outflow, and that this continuum source appears elongated with the same orientation as the bipolar outflow. All these results support that AFGL 2591 is a cluster of YSOs. 
